To obtain ultraviolet photodiodes having internal gain due to avalanche multiplication is a major objective with a potential to replace photomultiplier tube based systems for low-background applications. 1 The Al x Ga 1Ϫx N material with xу0.38 becomes a natural candidate for the solar-blind avalanche photodiode ͑APD͒ applications which can also meet high-temperature and high-power requirements. Unfortunately, due to growth related problems, such as high defect and dislocation densities causing premature microplasma breakdown, there has been as yet no experimental demonstration of an APD with the Al x Ga 1Ϫx N material. As a matter of fact, even for the relatively mature GaN-based technology, few reports of observation of avalanche gain exist. [2] [3] [4] [5] While the material quality is being gradually improved, our aim in this letter is to meet the immediate demand to explore the prospects of ͑Al͒GaN based APDs from a computational perspective. Within the last decade, several techniques have been reported which model gain and time response of APDs. Most, however, approximate the carriers as always being at their saturated drift velocity and impact ionization rates are usually assumed to depend only on the local electric field; for references, see Ref. 6 . While nonlocal effects have recently been incorporated, 7 the dubious assumption on carrier drift velocity remains. Among all possible techniques, the ensemble Monte Carlo ͑EMC͒ method is potentially the most powerful as it provides a full description of the particle dynamics. However, only a small number of such simulations have been reported, predominantly on GaAs based APDs. 8, 9 For the high field transport phenomena, the EMC technique is currently the most reliable choice, free from major simplifications. 10 All standard scattering mechanisms are included in our EMC treatment other than dislocation, neutral impurity and the piezoacoustic scatterings as they only become significant at low temperatures and fields. 11 Impact ionization parameters for bulk GaN are extracted from a recent experiment of Kunihiro et al. 12 As for the case of AlN, due to lack of any published results, we had to resort to a Keldysh approach, while Bloch overlaps were taken into account via the f -sum rule; 13 for details, see Ref.
14. Furthermore, the polar optical phonon and ionized impurity potentials are screened by using random phase approximation based dielectric function. 15 The band structures for GaN and AlN are obtained using the empirical pseudopotential technique fitted to available experimental results and first principles computations. 16, 17 For the alloy, Al x Ga 1Ϫx N, we resort to linear interpolation ͑Vegard's Law͒ between the pseudopotential form factors of the constituent binaries. The necessary band edge energy, effective mass, and nonparabolicity parameters of all valleys in the lowest two conduction bands and valence bands located at high symmetry points are extracted through the computed bands of GaN and Al x Ga 1Ϫx N. To account for the remaining excited conduction and valence bands, we further append additional higher-lying parabolic free electron and hole bands. At this point it is important to stress that we use the actual density of states computed using the LehmannTaut approach, 18 rather than the valley-based nonparabolic band approximation, in calculating the scattering rates. 19 This assures perfect agreement with rigorous full-band EMC simulations 20 even for the hole drift velocities at a field of 1 MV/cm. To decrease the statistical noise on the current, we employ more than 60 000 superparticles within the ensemble, and use the higher-order triangular-shaped-cloud representation of the superparticle charge densities. 21 The Poisson solver is invoked in 0.25 fs time intervals not to cause an artificial plasma oscillation. All computations are done for a temperature of 300 K. To avoid prolonged transients following the sudden application of a high field, the reverse dc bias is gradually applied across the APD over a linear ramp within the first 1.25 ps.
Even though, our principal aim is to characterize solarblind APDs attainable with the band gap of Al 0. 4 Figure 1͑a͒ shows that the current gain of this structure where, following Carrano et al., the current value at 1 V is chosen as the unity gain reference point. The overall agreement between EMC and the measurements 4 is reasonable. Notably, EMC simulation yields somewhat higher values over the gain region, and the breakdown at 51 V cannot be observed with the simulations. Nevertheless, given the fact that there is no fitting parameter used in our simulation, we find this agreement quite satisfactory.
An important characteristic of the APDs is their time response under an optical pulse. For this purpose, an optical pump is turned on at 6.25 ps creating electron-hole pairs at random positions consistent with the absorption profile of the electromagnetic radiation with a skin depth value of 10 Ϫ5 cm for GaN. The photon flux is assumed to be such that an electron-hole pair is created in 0.5 fs time intervals. The optical pump is kept on for 25 ps to assure that steady state is attained and afterwards it is turned off at 31.25 ps to observe the fall of the current. As we are assuming a p-side illumination, it is mainly the electrons which travel through the multiplication region, even though in the simulation the impact ionization of both electrons and holes are included. The falling edge of the optical pulse response can be fitted with a Gaussian profile exp(Ϫt 2 / f 2 ), see parameters in Table  I . As seen in Fig. 2 and Table I , the width of the Gaussian profile increases with the applied bias. Hence, the temporal response of the device degrades in the high gain region where substantial amount of secondary carriers exist, as expected. The rising edge of the pulse shows an underdamped behavior, becoming even more pronounced towards the gain region; this can approximately be fitted by a function 1Ϫexp(Ϫt 2 / r 2 )cos( r t), with the parameters being listed in Table I . Figure 3͑a͒ demonstrates the electric field profile of the GaN APD. Observe that as the applied bias increases the moderately doped p ϩ region becomes vulnerable to the penetration of the electric field, hence, preventing further building up in the multiplication region and increasing the impact ionization events. In this regard, it needs to be mentioned that achieving very high p doping persists as a major technological challenge. Therefore, in our considerations to follow for the AlGaN APDs, we replace the problematic p ϩ region with a Schottky contact. So, we analyze an Al 0.4 Ga 0.6 N APD of 0.1-m-thick unintentionally doped (10 16 cm Ϫ3 )n region sandwiched between a Schottky contact and a heavily doped (10 19 cm Ϫ3 )n ϩ region. Previously, in unipolar AlGaN structures we observed the alloy scattering to be substantial, 22 whereas the actual significance of this mechanism has always been controversial. 13 For this reason, we provide in Fig. 1͑b͒ the gain characteristics of this Al 0.4 Ga 0.6 N APD both with and without alloy scattering. The presence of alloy scattering almost doubles the breakdown voltage with respect to the case when there is no alloy scattering. The time response of the Al 0.4 Ga 0.6 N APD is shown in Fig. 2 in the low gain region ͑30 V͒ under the same optical illuminations discussed in the GaN case, above. The falling edge of the response can be fitted by an exponential exp(Ϫt/ f ) whereas the rising edge by a Gaussian function, 1Ϫexp(Ϫt 2 / r 2 ); see Table II for the parameters. Figure 3͑b͒ demonstrates the electric field profile of this Al 0.4 Ga 0.6 N structure. It is observed that for all values of the applied bias, the electric field is confined in the intrinsic ͑multiplication͒ region which is very desirable for the APD operation. Finally, we would like to check the standard assumption made in other theoretical APD treatments assuming the carriers to travel at their saturated drift velocities. It is seen in Fig. 4 that this assumption may be acceptable for the Schottky Al 0.4 Ga 0.6 N APD, whereas it is not appropriate in the GaN case.
In summary, gain, electric field, and velocity profiles as well as the time response of the GaN and Al 0.4 Ga 0.6 N APDs are computed by the EMC method. Results for the Al 0.4 Ga 0.6 N APDs are provided both with and without the alloy scattering. In this respect, experimental reports will be invaluable to resolve the actual significance of alloy scattering and also to assess the effects of dislocations or other defects which were unaccounted in our analysis. 
